Neurexins are recognized as key organizers of synapses that are essential for normal brain function. However, it is unclear whether neurexins are fundamental building blocks of all synapses with similar overall functions or context-dependent specifiers of synapse properties. To address this question, we produced triple cKO (conditional knockout) mice that allow ablating all neurexin expression in mice. Using neuron-specific manipulations combined with immunocytochemistry, paired recordings, and two-photon Ca 2+ imaging, we analyzed excitatory synapses formed by climbing fibers on Purkinje cells in cerebellum and inhibitory synapses formed by parvalbumin-or somatostatin-positive interneurons on pyramidal layer 5 neurons in the medial prefrontal cortex. After pan-neurexin deletions, we observed in these synapses severe but dramatically different synaptic phenotypes that ranged from major impairments in their distribution and function (climbingfiber synapses) to large decreases in synapse numbers (parvalbumin-positive synapses) and severe alterations in action potential-induced presynaptic Ca 2+
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Using conditional deletions of all mouse neurexin genes, Chen et al. show that neurexins are key synaptic organizers that perform synapse-specific functions, ranging from synapse loss to impairments of synaptic transmission and a suppression of action potentialinduced calcium influx.
INTRODUCTION
Neurexins are presynaptic cell adhesion molecules that were identified as a-latrotoxin receptors (Ushkaryov et al., 1992 (Ushkaryov et al., , 1994 . In vertebrates, neurexins are expressed in two principal forms, longer a-neurexins and shorter b-neurexins. a-neurexins contain a large extracellular sequence comprising six LNS domains (for laminin/neurexin/sex-specific globulin domain) with three interspersed EGF-like domains, an O-linked carbohydrate attachment sequence, and a cysteine loop domain ( Figure S1A ). In a-neurexins, these extracellular sequences are followed by a single transmembrane region and a short cytoplasmic tail. b-neurexins contain a short b-neurexin-specific N-terminal sequence that then splices into the a-neurexin sequence N-terminal to the last, sixth LNS domain; from that point on, a-and b-neurexins are identical ( Figure S1A ). Three vertebrate genes (Nrxn1, Nrxn2, and Nrxn3 in mice) encode both a-and b-neurexins, with transcription of b-neurexins initiated by an internal promoter in the a-neurexin gene (Ushkaryov and S€ udhof, 1993; Tabuchi and S€ udhof, 2002) . a-neurexins are evolutionarily conserved with one a-neurexin gene in Drosophila (Tabuchi and S€ udhof, 2002) , and neurexin-related genes are identifiable throughout animals, including cnidaria that contain only a rudimentary nervous system (Ganot et al., 2015) .
Neurexins are essential for multiple synaptic functions in C. elegans, Drosophila, mouse, and human neurons, but no uniform overall role for neurexins has emerged (Missler et al., 2003; Li et al., 2007; Etherton et al., 2009; Chen et al., 2010; Owald et al., 2012; Aoto et al., 2013 Aoto et al., , 2015 Anderson et al., 2015; Maro et al., 2015) . Genetic mutations analyzed in various animals and different synapses uncovered diverse phenotypes that affect multiple aspects of synaptic function. In mice, constitutive single knockout (KO) of Nrxn1a or Nrxn3a with retained expression of b-neurexins severely impaired survival; triple KO of all a-neurexins was invariably lethal (Missler et al., 2003) . Triple a-neurexin KO mice exhibited a decrease in inhibitory but not in excitatory synapse density and displayed a dramatic impairment in excitatory and inhibitory synaptic transmission due, at least in part, to a loss in presynaptic Ca 2+ influx (Missler et al., 2003) . Similarly, triple b-neurexin KO mice also exhibited a synaptic phenotype, albeit to a milder one consistent with the relatively lower expression of b-neurexins than a-neurexins (Anderson et al., 2015; Fuccillo et al., 2015) . Moreover, b-neurexin KO mice displayed a synaptic transmission impairment that was due, at least in part, to a disinhibition of tonic endocannabinoid signaling (Anderson et al., 2015) . In terms of single neurexin gene deletions, only KOs of neurexin-1a and of neurexin3ab have been analyzed in mice in detail (Etherton et al., 2009; Aoto et al., 2015) . Most revealing of these analyses may have been the differential effect of neurexin-3ab conditional KOs (cKOs) on excitatory synapses formed by hippocampal CA1-region neurons projecting to the subiculum and inhibitory synapses formed by olfactory bulb granule cells contacting mitral cells . In excitatory hippocampal synapses, the neurexin-3ab deletion caused a selective trans-synaptic downregulation of postsynaptic AMPA-type glutamate receptors (AMPARs) without a change in presynaptic release. In inhibitory olfactory bulb synapses, however, the neurexin-3ab deletion caused a selective decrease in presynaptic release without a change in postsynaptic receptor composition . Thus, the same genetic manipulation of neurexin-3ab produced different phenotypes depending on the type of neuron and synapse. A similar diversity of neurexin functions has been described in C. elegans and Drosophila (Li et al., 2007; Chen et al., 2010; Owald et al., 2012; Maro et al., 2015) , suggesting that this may be a general feature of neurexins.
A fascinating feature of neurexins in vertebrates is their extensive alternative splicing that produces thousands of isoforms Treutlein et al., 2014) , but physiological evidence for the functional importance of neurexin alternative splicing is available for only one site of alternative splicing in one neurexin isoform, namely, splice site #4 (SS#4) of neurexin-3 (Aoto et al., 2013) . Alternative splicing at this site, which is present in all a-and b-neurexins, regulates in vitro binding of neurexins to many of its ligands (neuroligins, dystroglycan, LRRTMs, cerebellins, and latrophilins; see Ichtchenko et al., 1995; Sugita et al., 2001; Boucard et al., 2005 Boucard et al., , 2012 Chih et al., 2006; Uemura et al., 2010; Matsuda and Yuzaki, 2011; Ko et al., 2009; de Wit et al., 2009; Siddiqui et al., 2010) . Genetic manipulation of this splice site of neurexin-3 in a manner that did not alter gene expression but rendered all neurexin-3a and neurexin-3b transcripts constitutively SS#4+ or SS#4À in a Cre recombinase-dependent manner revealed that presynaptic alternative splicing at SS#4 trans-synaptically regulates postsynaptic AMPARs in excitatory hippocampal synapses (Aoto et al., 2013) . Moreover, these studies, which were performed in vivo enabled by the genetic manipulation, showed that presynaptic alternative splicing at SS#4 controls postsynaptic NMDA receptor (NMDAR)-dependent long-term potentiation (LTP), which also depends on AMPAR trafficking (Aoto et al., 2013) . The regulated expression of other events of alternative splicing of neurexins suggests that these events also mediate a profound control of synapses, but this has not yet been tested. If so, neurexins may mediate a large number of preand trans-synaptic effects that shape synaptic transmission and thereby control the neural circuits in which the various synapses reside.
The present data on neurexins could be broadly explained by at least two hypotheses regarding their overall functions: (1) neurexins perform canonical shared functions regulated by alternative splicing but exhibit differential patterns of redundancy owing to diverse co-expression of different neurexin variants, or (2) neurexins perform different functions with limited redundancy, and the various functions are differentially activated in distinct synapses. The first hypothesis is supported by the observation of co-expression of diverse neurexin variants in single neurons (Fuccillo et al., 2015) and the rescue of neurexin-3ab KO phenotypes by multiple neurexin isoforms , whereas no direct support for the second hypothesis is currently available. Nevertheless, we cannot at present conclude which hypothesis is correct, because our understanding of neurexins and their role in how synapses are formed and specified is hindered by several limitations. For example, the molecular interactions of individual neurexins and their splice variants are incompletely understood. Apart from extracellular ligands for the sixth LNS domain that is shared by a-and b-neurexins, only two extracellular ligands that bind to other a-neurexin-specific sequences were identified (neurexophilins and dystroglycan), both of which bind to the second LNS domain of a-neurexins (Petrenko et al., 1996; Missler et al., 1998; Sugita et al., 2001) . Likely other LNS domains of a-neurexins bind to additional ligands, but the nature of these ligands and the precise functions of any ligands are unknown. Moreover, the physiological roles of neurexin-3 are only partly characterized, and even less is known about the functions of neurexin-1 and neurexin-2. Furthermore, there is uncertainty about the redundancy between neurexins. As discussed above, the diversity of phenotypes produced by neurexin-3ab cKOs in hippocampal and olfactory bulb synapses could be either due to differential redundancy among neurexins or distinct synapse-specific functions of different neurexins.
In the present study, we aimed to specifically clarify whether neurexins perform canonical broad functions in all synapses or synapse-specific functions that depend on the pre-and postsynaptic neuron type. For this purpose, we generated triple neurexin-1, neurexin-2, and neurexin-3 cKO (Nrxn123 cKO) mice that allow complete ablation of all neurexins by Cre recombinase. We analyze the effect of the triple neurexin cKO on three different, well-defined synapses, excitatory climbing-fiber synapses in the cerebellum and inhibitory synapses formed by parvalbumin-positive (Pv + ) or somatostatin-positive (SST + ) interneurons on layer 5 pyramidal neurons in the medial prefrontal cortex (mPFC). Our data reveal that each of the three synapses exhibits profound but different synaptic phenotypes after presynaptic deletion of all neurexins. In these experiments, all neurexins were deleted, excluding the possibility that a lack of a broad consistent phenotype is due to differential redundancy among neurexins. Thus, our results suggest that neurexins do not perform a series of canonical functions that are redundant among different neurexin genes but instead perform distinct fundamental roles in different types of synapses.
RESULTS
Generation of Triple Neurexin-1, Neurexin-2, and Neurexin-3 cKO Mice The goal of the present study was to delineate the overall function of neurexins by examining the phenotype caused by deleting all neurexins. Because of the lethality of constitutive neurexin KO mice (Missler et al., 2003; Aoto et al., 2015) , it was necessary to use conditionally mutant mice for an analysis of the deletion of all neurexins. We took advantage of neurexin-1, neurexin-2, and neurexin-3 cKO mice that we had generated for other projects and that have either been published (Nrxn3; Aoto et al., 2015) or will be reported separately elsewhere (Nrxn1 and Nrxn2). In these mice, the first common exon shared by all a-and b-transcripts of each neurexin gene is flanked by loxP sites, enabling Cre recombinase-dependent deletion of all of its a-and b-transcripts ( Figure S1A ). We crossed individual a/b-neurexin cKO mice with each other for $10 generations to generate homozygous triple Nrxn123 cKO mice that were viable and fertile. Expression of Cre recombinase in hippocampal neurons cultured from triple Nrxn123 cKO mice showed that despite the need for recombination of six independent pairs of loxP sites for the complete deletion of all neurexins, this could be effectively achieved, resulting in a nearly total loss of neurexin-1, neurexin-2, and neurexin-3 expression ( Figure S1B ). In analyzing the effects of deleting all neurexins on neuronal and synaptic properties, we decided to focus on in vivo systems instead of cultured neurons. This choice was informed by the view that cultured neurons are suitable for uncovering fundamental cell biological mechanisms as a reduced system but do not replicate the in vivo development of synaptic specificity. To be able to examine specific types of synapses using parallel morphological and physiological approaches, we decided to study three defined types of synapses: (1) excitatory climbing-fiber synapses formed by afferents from the inferior olive on cerebellar Purkinje cells, (2) inhibitory basket-cell synapses formed on pyramidal neurons in layer 5 of the mPFC by Pv + interneurons, and (3) inhibitory synapses on apical dendrites formed on the same pyramidal neurons by SST + interneurons ( Figure S2 ). In studying these three types of synapses, two of which contact the same postsynaptic cell, we hoped to not only examine neurexin function at specific defined synapses, but to also do this for a range of synapse types.
Sparse Deletion of All Neurexins from Presynaptic Climbing Fibers in Cerebellum
We injected lentiviruses expressing wild-type Cre recombinase and double-floxed EGFP (test) or mutant Cre recombinase (DCre) and mVenus (control) into the inferior olive of newborn (postnatal day 0; P0) Nrxn123 cKO mice and analyzed the mice at P24, P35, and P45 ( Figures 1A-1C ). The lentiviruses infected a subset of olivary neurons, resulting in sparse expression of EGFP or mVenus (which are encoded by the lentiviruses together with active or mutant Cre recombinase) in a subset of climbing fibers that were identified in cerebellar cortex by virtue of their fluorescence ( Figures 1C and S2A ). We found that sparse deletion of neurexins caused a dramatic blunting of climbing fibers in the cerebellar cortex at P24 and a nearly complete loss of the corresponding climbing fibers at P35 and P45 ( Figures 1D-1G and S3A-S3C). At P24, neurexindeficient fibers were no longer present in the extended dendritic tree of Purkinje cells but stopped abruptly at the layer of the Purkinje cells. Moreover, neurexin-deficient climbing fibers in the Purkinje cell layer contained no detectable synapses ( Figures  S3A and S3B ). In contrast, wild-type climbing fibers expressing GFP exhibited a normal distribution, extending into two-thirds of the molecular layer, and formed abundant synapses ( Figures  1D, S3A , and S3B). At P35, only a few neurexin-deficient climbing fibers were detectable in cerebellar cortex, while at P45 no such fibers were observed ( Figures 1E and 1G ). Because after lentiviral pan-neurexin deletions in the inferior olive, most climbing fibers were from non-infected cells, the overall climbing-fiber synapse density (as measured by staining for the presynaptic marker vGluT2 that specifically labels climbing-fiber synapses) was normal in cerebellum at P24 ( Figures 1H, 1I, and S3D) .
Next, we patched in acute cerebellar slices Purkinje cells adjacent to labeled blunted neurexin-deficient climbing fibers and measured synaptic responses elicited by climbing-fiber stimulation ( Figures 1J-1L and S3E) . We observed no change in climbing-fiber excitatory postsynaptic current (EPSC) amplitudes, paired-pulse ratio, or kinetics and also detected no change in synapse elimination as monitored by measurements of the ESPC size as a function of increasing stimulus strength ( Figures 1J-1L and S3E ). These normal results likely reflect the normal innervation of Purkinje cells by climbing fibers from non-infected olivary neurons, suggesting that after sparse neurexin deletions, neurexin-deficient climbing fibers may not actively innervate Purkinje cells consistent with the synapse staining results.
Global Neurexin Deletion from All Presynaptic Climbing Fibers in Cerebellum
The most parsimonious explanation for the stunted growth and apparent inability to form synapses of neurexin-deficient climbing fibers after sparse deletions would be that these fibers are at a competitive disadvantage compared to excess wild-type climbing fibers, leading to the elimination of the neurexin-deficient climbing fibers during the development of olivo-cerebellar synapses (Lorenzetto et al., 2009; Hashimoto et al., 2009 ). To test this hypothesis, we globally deleted neurexins in all inferior olive neurons using adeno-associated viruses (AAVs) instead of lentiviruses (Figures 2A-2C and S2A ). We then analyzed the distribution of climbing fibers and their synapses in cerebellar cortex.
We found that in the absence of surrounding wild-type climbing fibers, neurexin-deficient climbing fibers entered the molecular layer of the cerebellar cortex normally and were no longer blunted ( Figures 2D and 2E ). However, neurexin-deficient climbing fibers extended less far into the molecular layer than wildtype climbing fibers, with a major loss of fibers at a distance of 70-80 mm from the Purkinje cell layer ( Figure 2E ). The density of climbing-fiber synapses as monitored by vGluT2 staining was normal in the zone proximal to Purkinje cells but decreased in the zone more distal to Purkinje cells ( Figures 2F and S4A ), thus correlating with the climbing fiber density. No apparent change in the density of the much more numerous parallel fiber synapses was detected ( Figures S4B and S4C ). These data suggest that when neurexins are uniformly deleted from all climbing fibers, climbing fibers and their synapses exhibit an almost normal distribution.
To test whether the pan-neurexin deletion impairs climbing-fiber synaptic transmission as opposed to climbing-fiber synapse formation, we analyzed climbing-fiber synapses electrophysiologically in acute slices. Using standard recording conditions (À70 mV holding potential, with the high-affinity AMPA receptor antagonist NBQX [0. 5 mM] to ensure voltage-clamp control given the large climbing-fiber EPSC amplitude, and with 2 mM Ca 2+ in the medium), we observed a large decrease ($50%) in EPSC amplitude and a small increase ($15%) in paired-pulse ratio, consistent with a combination of a reduction in synapse numbers and a decrease in release probability (Figures 2G, 2H, and S4D) . EPSC rise times were normal, while EPSC decay times were slightly shorter, possibly because of the decrease in amplitude and the loss of distal synapses. In agreement with the lack of a major morphological change, single-fiber innervation of Purkinje cells was unaltered ( Figures S4D and S4E ).
To further characterize neurexin-deficient climbing-fiber synapses, we repeated the synaptic recordings at a À10 mV holding potential and added the competitive low-affinity AMPA receptor antagonist g-D-glutamylglycine (DGG; 2 mM) instead of NBQX. DGG was used because under standard conditions, the EPSC reflects release events per synapse, whereas the substitution of NBQX for DGG allows detection of glutamate concentration differences induced by the simultaneous release of single or multiple vesicles (Wadiche and Jahr, 2001) . Under the DGG conditions, the pan-neurexin deletion caused a similar decrease in EPSC amplitude but induced a significant decrease ($40%), as opposed to an increase, in paired-pulse ratio (Figures 2I and 2J) . We again observed no change in single-fiber innervation of Purkinje cells ( Figure S4G ). These results suggest that the neurexin deletion not only decreases synaptic strength but also alters the ratio of multi-to univesicular release at climbing-fiber synapses (Wadiche and Jahr, 2001 ).
Finally, we explored whether the neurexin deletion may transsynaptically alter postsynaptic AMPA receptor levels or other properties of quantal events, thereby producing changes that could contribute to the observed decrease in synaptic transmission. To test this possibility, we measured synaptic transmission in the presence of Sr 2+ instead of Ca
2+
. Sr 2+ can
replace Ca 2+ in triggering neurotransmitter release by binding to synaptotagmins but is retained longer in the nerve terminal, thereby causing delayed quantal events that can be measured after an evoked EPSC ( Figure 2K ). We found that just as in the presence of Ca 2+ , the EPSC amplitude was massively decreased in the presence of Sr 2+ , whereas the paired-pulse ratio was increased ( Figure 2L ). Consistent with this result, the frequency of quantal events after the EPSC was also decreased, but the properties of quantal events were unchanged (Figures 2M and S4G) . These results suggest that postsynaptic AMPA receptor levels and other quantal parameters are not changed by the pan-neurexin deletion. Viewed together, these data confirm that neurexin-deficient climbing fibers form synapses that are weaker than wild-type synapses, thereby putting them at a competitive disadvantage if the surrounding synapses are from wild-type climbing fibers.
The neurexin deletion appears to decrease synaptic strength primarily by lowering the release probability of the climbing-fiber synapses, with a concordant change in multivesicular release. Moreover, these data suggest that neurexins are not essential for synapse formation as such but make essential contributions to the normal distribution, organization, and function of climbingfiber synapses. The relative loss of climbing-fiber synapses on distal Purkinje cell dendrites may be due to decreased competition of the weakened neurexin-deficient climbing fibers with normal parallel fibers. SST + interneurons in acute slices from Pv-Cre or SST-Cre mice that had been injected with AAVs expressing double-floxed enhanced yellow fluorescent protein (eYFP) at P21 and that were sacrificed at P35-P40. We patched the labeled neurons, aspirated cytosol, and performed mRNA measurement on the cytosol ( Figure S5 ). We found that apart from the typical markers for Pv + and SST + interneurons (such as parvalbumin, somatostatin, and synaptotagmin-2), both types of interneurons expressed similar overall levels of neurexins and of other synaptic cell adhesion molecules ( Figure S5 ). Lphn1 and Slitrk3 exhibited significant differences between the two types of interneurons, but all three neurexin genes were expressed similarly.
Decreased Numbers of Inhibitory Synapses Formed by Pv + Interneurons on Pyramidal Neurons in the mPFC
We crossed triple Nrxn123 cKO mice with Pv-Cre mice that express Cre recombinase under the parvalbumin promoter and analyzed the density of synaptic puncta that were labeled with antibodies to parvalbumin or to vGAT in sections from the mPFC ( Figure 3A) . We quantified the total density of puncta for each marker separately for the different cortical layers. Strikingly, we observed a dramatic decrease in the density and apparent quantified as a function of the distance from these lines as indicated on the x axis. Fluorescence intensity (arbitrary units) was averaged and normalized to background fluorescence. (G) Summary graph of the percentage of cerebellar sections containing EGFP-positive climbing fibers in sections from control injected and Cre-injected mice at P24 and from Cre-injected mice at P35 and P45. Regions of interest (100 mm 2 ) were randomly selected from granule cell layers in cerebellar lobule IV and V. formed paired recordings in acute slices from Pv-Cre/Nrxn123 cKO (test) and Pv-Cre mice (control). We stereotactically injected the mPFC of the mice with AAVs expressing double-floxed eYFP at P21, and analyzed the mice at P35-P40. Note that test and control slices for these experiments (and related experiments with SST + interneurons described later) were not obtained from littermate mice, because the need for genetic labeling of Pv + interneurons in order to perform paired recordings made that difficult (it would have required crossing a fifth genetic marker into the Nrxn123 cKO/Pv-Cre mice). Instead, the Pv-Cre control mice used in these experiments were generated from Nrxn123 cKO/Pv-Cre mice by crosses with wild-type mice of a similar genetic background. Control mice were separated fewer than three generations from Nrxn123 cKO/Pv-Cre mice, suggesting that they harbor a similar genetic background. Moreover, only agematched control and test animals were used and were manipulated at the same time in parallel.
We patched adjacent Pv + interneurons and pyramidal neurons and confirmed the fast spiking properties of the Pv + interneurons by current injections ( Figures 4C and 4D ). We probed for synaptic connections by monitoring monosynaptic IPSCs ( Figure 4E (Table S1 ). However, the IPSC amplitudes in Pv + interneuron / pyramidal neuron synapses were decreased $50% in Nrxn123 cKO/Pv-Cre mice compared with Pv-Cre mice (Figure 4F) , similar to the decrease in synapse density (Figure 3) . In neurexin-deficient Pv + neurons, high-amplitude synaptic responses were preferentially lost, without a change in IPSC kinetics or in paired-pulse ratio, suggesting that decrease in IPSC amplitude is unlikely due to a change in release probability -insensitive dye to visualize the axonal arbor) and Fluo-5F (200 mM; Ca 2+ indicator to monitor presynaptic Ca 2+ transients) and imaged the filled neurons by two-photon microscopy ( Figure 5A ). Analyses of the density of presynaptic boutons in the axonal arbors of Pv + interneurons revealed that the pan-neurexin deletion caused a significant decrease in bouton density ($25%), consistent with the decrease in synapse numbers ( Figure 5B) . We confirmed by test-current injections that the patched neurons were fast spiking as characteristic for Pv + interneurons ( Figure 5C ) and then measured presynaptic Ca 2+ transients as a function of transients as a function of action potentials or in the decay kinetics of the Ca 2+ transients upon presynaptic deletion of neurexins, consistent with the lack of a change in paired-pulse ratio. These experiments, viewed together, suggest that deletion of presynaptic neurexins from Pv + interneurons causes a discrete decrease in the density of synapses formed by these neurons on pyramidal neurons without a change in connectivity as such, or in the strength of these synapses.
Analysis of Inhibitory Synapses Formed by SST + Interneurons on Pyramidal Neurons in the mPFC
To test whether neurexins perform a similar function in another type of inhibitory synapse that differs from the synapses formed by Pv + interneurons, we analyzed synapses formed by SST + interneurons on the same class of pyramidal neurons in layer 5 of the mPFC. We used the same strategy as outlined above for Pv + interneurons, except that we used SST-Cre mice instead of PvCre mice ( Figure S1D ). When we analyzed SST + or vGAT + synapses in cortical sections from littermate Nrxn123 cKO/SST-Cre and Nrxn123 cKO mice, however, we detected no significant change in the density of SST + or vGAT + puncta and only a small decrease in inhibitory synaptic puncta area as visualized by vGAT staining (Figures 6 and S7) . Thus, eliminating all neurexins from SST + neurons does not appear to decrease the number of synapses formed by SST + neurons. We next examined mIPSCs in Nrxn123 cKO/SST-Cre and Nrxn123 cKO mice but detected no change in frequency and amplitude ( Figures 7A and 7B ). This result is not surprising, however, because SST + interneurons form synapses on distal dendrites of pyramidal neurons different from Pv + interneurons that form synapses on, or close to, the pyramidal neuron cell body. As a result, changes in mIPSCs mediated by SST + synapses would be hard to detect, given the massive attenuation of mIPSCs along the long distal dendrites. We then performed paired recordings using virally labeled SST + interneurons, comparing Nrxn123 cKO/SST-Cre mice with SSTCre mice (Figures 7C and 7D ; Table S1 ). Importantly, the rate of successfully finding synaptically connected neurons was much lower in Nrxn123 cKO/SST-Cre samples (7 connected pairs in 61 pairs tested [11.5%]) than in SST-Cre pairs (11 connected pairs in 43 pairs tested [25.6%]). Moreover, the synaptic connections that could be detected were much weaker after presynaptic deletion of neurexins, with a large decrease in mean IPSC amplitude ($40%). Strikingly, no SST + interneuron / pyramidal neuron Data in summary graphs are mean ± SEM; statistical comparisons were performed with Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001; non-significant comparisons are not labeled). Numbers indicate the number of mPFC sections and mice examined. For additional data, see Figure S6 .
synaptic connection exhibited an IPSC amplitude of >20 pA in Nrxn123 cKO/SST-Cre mice, whereas >50% of these synapses exhibited IPSCs with amplitudes of >20 pA in SST-Cre mice (Figures 7E and 7F ). In addition, IPSCs elicited by stimulation of neurexin-deficient SST + interneurons were much slower, as indicated by an increased synaptic latency ($30%) and increased rise time ($30%).
To test whether the decrease in synaptic strength in SST+ interneuron synapses is due to a decrease in release probability, we measured the paired-pulse ratio at SST + interneuron / pyramidal neuron synapses. For this purpose, the extremely low synaptic strength of individual connections made it necessary to simultaneously stimulate multiple synaptic inputs from SST + interneurons onto the same postsynaptic neuron. We achieved this by stereotactically infecting the mPFC of Nrxn123 cKO/SST-Cre and SSTCre mice at P21 with AAVs that contain double-floxed expression cassettes for a fusion protein composed of channelrhodopsin-2 and tdTomato. We then recorded IPSCs evoked by light Data in summary graphs are mean ± SEM; statistical comparisons were performed with Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001; non-significant comparisons are not labeled). Numbers indicate the number of connected cell pairs/mice examined. For additional data, see Figure S6 .
stimulation from pyramidal neurons in layer 5 of the mPFC at P35-P40. The stimulation intensity was adjusted until a typical monosynaptic response with linear rise and exponential decay times were obtained; under these conditions, the first IPSC usually had an amplitude of 0.1-0.2 nA. Although this experimental setup does not allow measuring synaptic strength, it enables administering two closely spaced stimuli at defined intervals to monitor relative IPSC amplitudes during paired-pulse ratio measurements. Using this approach, we observed a large increase in paired-pulse ratios selective for short interstimulus intervals, consistent with a decrease in release probability ( Figure 7H ). We next asked whether the action potential-induced release from pan-neurexin-deficient SST + interneurons is impaired because of a change in action potential-induced Ca 2+ influx.
For this purpose, we monitored the Ca 2+ dynamics of presynaptic terminals in SST + interneurons, using the same approach as described above for Pv + interneurons. Again, Ca 2+ transients induced by single action potentials could be reliably identified in individual presynaptic boutons (Figure 8) . Consistent with the lack of a change in synapse density, we detected no change in the density of presynaptic boutons as a result of the neurexin deletion ( Figure 8B ). However, we observed that the neurexin deletion caused a large decrease in the amplitude of action potential-induced Ca 2+ transients. In control neurons, the Ca 
DISCUSSION
Hundreds of studies attest to the importance of neurexins at synapses. These studies, broadly speaking, show that mutations or deletions of neurexins in organisms ranging from worms to humans cause synaptic dysfunction. Moreover, genetic studies in humans demonstrated that alterations in neurexin genes, in particular NRXN1, are associated with diverse neuropsychiatric disorders in a large number of patients. Considerable uncertainty reigns, however, about the precise role of neurexins at synapses. The functional consequences of neurexin mutations differ dramatically between experimental preparations and various organisms, ranging from the original observation that deletions of all a-neurexins severely impair synaptic transmission (Missler et al., 2003) , to more recent findings that neurexin-3a/b deletions induce a loss of postsynaptic AMPARs at excitatory synapses in hippocampal neurons, but a decrease in the presynaptic release probability at inhibitory synapses in olfactory bulb neurons . Viewed together, the results from these earlier studies could be explained by at least two hypotheses about overall neurexin functions. First, different neurexin genes perform diverse but overall similar canonical functions in the fundamental organization of synapses, functions that are regulated by the various sites of alternative splicing of their mRNAs. As a result, deletions of different neurexins may produce distinct phenotypes in particular brain regions because a given neurexin variant exhibits different patterns of redundancy in various brain regions, depending on what other neurexin variants are co-expressed. According to this hypothesis, which we originally favored , neurexins perform a fundamental range of synaptic roles that can be differentially occluded in various types of synapses by redundancy via other neurexin isoforms. This hypothesis thus suggests that neurexins are basic building blocks of synaptic architecture and function.
As a second, alternative hypothesis, different neurexins perform diverse functions that may or may not be shared among neurexin isoforms, and that may differ among synapses. According to this hypothesis, neurexins are not central components of synaptic architecture, but act as essential modulators of an independent, canonical synaptic assembly machinery, adapting this machinery to the needs of a given synapse. This hypothesis envisions neurexins as a platform molecule whose diverse functions can be differentially activated by alternative splicing to confer specific properties to synapses, but which is not a central component of the basic design of synapses.
To distinguish between these two hypotheses, we tested the effect of deletions of all neurexins on synaptic transmission at distinct synapse types, with the notion that canonical neurexin functions, provided they exist, would become apparent by Data in summary graphs are mean ± SEM; statistical comparisons were performed with Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001; non-significant comparisons are not labeled). Numbers indicate the number of mPFC sections and mice examined. For additional data, see Figure S7 .
ablating all neurexin expression. Thus, our study provides a comprehensive attempt to examine the totality of neurexin functions in vertebrates. In order to achieve this goal, we had to generate homozygous triple cKO mice that allow conditional deletion of all neurexin isoforms because constitutive deletions of neurexins are lethal (Missler et al., 2003) (Figures S1 and S2 ).
Our data show that deletion of all neurexins produces dramatically different phenotypes in various types of synapses. Possibly most striking was the comparison of the effect of pan-neurexin deletions on Pv + interneuron versus SST + interneuron synapses formed on pyramidal neurons. Although these synapses are both inhibitory and target the same postsynaptic neurons, the after stereotactic infection of the mice with AAVs encoding CAG-DIO-ChR2-tdTomato. Data in summary graphs are mean ± SEM; statistical comparisons were performed with Student's t test (*p < 0.05, **p < 0.01, ***p < 0.001; non-significant comparisons are not labeled). Numbers indicate the number of cells and mice examined. For additional data, see Figure S7 .
pan-neurexin deletion decreased the number of Pv + interneuron synapses without an apparent change in synaptic transmission in the remaining synapses (Figures 3, 4 , and 5). In SST + interneuron synapses, in contrast, the pan-neurexin deletion maintained normal synapses numbers but induced a massive impairment in action potential-induced Ca 2+ influx, leading to a large decrease in release probability (Figures 6, 7, and 8) . Thus, in these two types of synapses neurexins are selectively essential for different synapse parameters, arguing against a canonical role of neurexins in all synapses and suggesting that neurexins perform different functions in different types of synapses, functions that seem to depend on the nature of the presynaptic neuron. Alternatively, it is conceivable that canonical neurexin functions are differentially compensated in various types of synapses by neurexin-independent pathways. Although we find this rather unlikely, this possibility is enabled by the chronic nature of our cortical manipulations, which provides time for distinct compensatory processes in different types of neurons. As a third, also unlikely possibility given the known properties and localization of neurexins, it is possible that the pan-neurexin deletions caused distinct phenotypes in different types of neurons because they impair a common upstream process that, however, is translated into different downstream consequences in various types of synapses. Future experiments studying specific neurexin functions in depth will have to address these questions.
The pan-neurexin deletion phenotypes we observed are interesting in their own right. The effect of the sparse pan-neurexin deletion in climbing fibers (Figure 1 ) most likely reflects an inability to compete with wild-type neighboring fibers (Hashimoto and Kano, 2003) . The contrast between the massive phenotype detected upon sparse deletion of neurexins in climbing-fiber synapses versus the less pervasive phenotype observed upon global deletion of neurexins in the same synapses (Figure 2) illustrates the role of competition in synapse formation in cases in which there is a one-to-one relationship between pre-and postsynaptic neurons. Such competition, however, does not appear to explain the synapse loss observed in panneurexin-deficient Pv + interneurons (Figure 3) . Here, the normal connectivity measured by the success rate of finding pairs, the fact that in paired recordings IPSCs and synapse numbers are decreased similarly (Figure 4) , and the observation that Ca 2+ dynamics are normal ( Figure 5 ) favor the interpretation that the remaining synapses are functional and that neurexins control the number of synaptic connections, but not synaptogenesis as such or synaptic transmission in these synapses. Conversely, synapses formed by SST + interneurons are severely impaired functionally, which accounts for the decreased rate of finding pairs, but synapse numbers are not (Figures 6, 7, and 8) . The functional impairment of the SST + interneuron synapses reveals an essential role for neurexins in enabling the localization of Ca 2+ channels at synaptic release sites, as described originally for the triple a-neurexin KO mice (Missler et al., 2003) . This phenotype does not necessarily imply a direct role of neurexins in Ca 2+ channel recruitment, a role performed by RIMs and RIM-BPs (Kaeser et al., 2011; Acuna et al., 2016) , but suggests a specific feature of neurexin function of SST + interneuron synapses. This phenotype may, at least in part, reflect a delayed maturation of these synapses as reflected in the decreased Ca 2+ clearance from the terminals after an action potential burst (Jiang et al., 2015) . It is striking that none of the three pan-neurexin KO phenotypes described here seems identical to the two neurexin-3 cKO phenotypes we previously identified in other synapses , suggesting that we would probably discover a much larger range of phenotypes if we examined other types of synapses.
Like those of all studies, our results have several limitations that should be noted. First, if different neurexins do not perform the same canonical but diverse and distinct functions at a given synapse, despite their high degree of homology, we would only see the net sum of these functions after pan-neurexin deletions. Thus, the apparent phenotype of the triple neurexin deletion may be milder than that of individual neurexin deletions. Second, although we showed that some functional synapses are produced in the three synapse types examined, other synapses and synaptic properties that we did not investigate may be more severely affected; naturally, we can only assess those functions that we directly tested. Third, we have not examined the mechanisms involved in the phenotypes, and cannot at present speculate on the molecular basis for the very different panneurexin KO phenotypes. Here, future structure-function studies will be illuminative.
On the basis of our findings, what do neurexins ''do''? If we had studied only SST + interneuron synapses, we would have concluded that consistent with the triple a-neurexin KO analysis, neurexins couple Ca 2+ channels to synapses (Missler et al., 2003) . Conversely, if we had studied only Pv + interneuron synapses, we would have postulated a synapse formation or synapse maintenance function. The phenotypes are too severe in each type of synapse to refer to them as modulatory and are too different between different types of synapses to be assigned to a similar basic mechanism. To clarify this conundrum, a molecular dissection of the function of each neurexin in different types of synapse will likely be required, which will then allow relating the particular molecular mechanism involved to the general design of synapses. Stay tuned!
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The use and care of animals complied with the guidelines of Administrative Panel on Laboratory Animal Care at Stanford University. Triple floxed a/b-Nrxn1, 2, 3 mice (Nrxn123 f/f ) were generated by flanking exon 18 with FloxP site (See Figure S1 for The following primer sequences were used for genotyping: (1) Cerebellum: mice (male and female) were stereotactically injected at postnatal day (P) 0, then used for slice electrophysiology or immunohistochemistry experiments at P24, P35, or P45. (2) Prefrontal cortex: mice (male and female) were stereotactically injected at P21, then used for slice electrophysiology or immunohistochemistry experiments at P35-40.
METHOD DETAILS Stereotactic Injection of Viruses
Lentiviruses and AAVs were produced a described (Xu and S€ udhof, 2013) . For injection into the cerebellum, lentiviruses and AAVs were stereotactically injected into the inferior olive at P0 with home-made stereotactic platform. Injections sites were confirmed after the experiments by sectioning the inferior olive. For injection into the prefrontal cortex, AAVs expressing Ef1a-DIO-eYFP (AAV-DJ), Ef1a-DIO-mCherry (AAV5) and CAG-DIO-ChR2-tdTomato (AAV-DJ) were produced and stereotactically injected into the mPFC region at P21 (coordinates: 2.0 mm anterior to bregma; 0.4 mm lateral to midline; depth of $2.1 mm from the dura), with 0.5 ml AAV injected at 0.2 ml/min with a microinjection pump.
Single-Cell Transcriptional Profiling
Single-Cell Transcriptional Profiling was performed as previously described (Fuccillo et al., 2015) . Briefly acute brain slices were cut as described above, and patch pipettes were used for cytosol extraction. Samples then underwent reverse transcription and targetspecific amplification. Pre-amplified cDNAs were then processed for real-time PCR analysis on Biomark 96:96 Dynamic Array according to manufacturer's protocol (Fluidigm, USA). FAM-dye coupled detection assays were purchased from Integrated DNA Technologies (IDT, USA). To ensure the specificity of the amplification, all assays were tested with dilutions of mouse hippocampal cDNA to verify high efficiency (90%-110%) and linear amplification (R 2 > 0. Sequences for the forward primer, internal probe and reverse primer for assays used in our single-cell analysis. Blank fields are displayed for pre-designed q-PCR assays purchased from IDT.
Electrophysiology and 2-photon Ca

2+
-imaging Slice electrophysiology
(1) Cerebellum: Sagittal slices (250 mm thick) of the cerebellum were sectioned by standard procedures with a vibratome (LEICA VT1200S), using mice at age P24-26 after virus injection at P0, similar as described previously . Cutting solutions containing (in mM): 125 NaCl, 25 NaHCO 3 ,2.5 KCl, 1.25 NaH 2 PO 4 , 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 0.1 CaCl2 and 3 MgCl2 (pH 7.4, when bubbled with 95% O 2 / 5% CO 2 ). The recording solutions containing (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 25 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2 Na-pyruvate, 2 CaCl 2 and 1 MgCl 2 (pH 7.4, when bubbled with 95% O 2 / 5% CO 2 ). For the recordings of CF-EPSCs, picrotoxin (50 mM), strychnine (2 mM), NBQX (500 nM), and APV (50 mM) added to the extracellular solution. Internal solutions in pipette including (in mM): 140 Cs-gluconate, 20 TEA, 10 HEPES, 5 Na 2 -phosphocreatine, 4 MgATP, 0.3 Na 2 GTP, 5 Cs-EGTA, 0.1 Spermine, pH 7.2. Whole-cell recordings in the voltage-clamp mode were made with an Axon amplifier, under visualization of neurons with an upright microscope (BX51WI, Olympus,) equipped with a 40X water immersion objective (Zeiss). Patch pipette had resistances of 2-3 MU, and the series resistance (8-9 MU) was comparable between genotypes and was not compensated. Climbing-fiber mediated EPSCs were evoked using a bipolar stimulator and placed in the granule cell layer to evoked all-ornon response. The low-affinity competitive antagonist g-D-glutamylglycine (g-DGG; 2 mM) was included in aCSF with cell holding potential at À10 mV. Climbing-fiber synapse quantal recordings in Sr 2+ were performed with 2 mM SrCl 2 , 1 mM MgCl 2 in the aCSF instead of 2 mM CaCl 2 , 1 mM MgCl 2 .Stimuli consisted of paired pulses (10-40 V; 20 ms duration) separated by 50 ms. Paired-pulse ratio (PPR) of evoked EPSCs was determined by dividing the amplitude of the second EPSC by that of the first. (2) Prefrontal cortex (PFC): All experiments were performed at P35-40. Coronal medial PFC slices were cut in a solution containing (in mM): 228 sucrose, 26 NaHCO 3 , 11 glucose, 2. 
